Pulmonary blood volume was determined by the radiocardiographic technique in 49 patients coming to cardiac catheterization. Since this method has not been directly compared with the more commonly used double injection of dye. 25 comparisons were carried out in 13 patients of the series. Agreement was good over a range of 4.5-21.1 heart cycles since there was no statistically significant difference between transit time values measured by the two methods.
A B S T R A C T Pulmonary blood volume was determined by the radiocardiographic technique in 49 patients coming to cardiac catheterization. Since this method has not been directly compared with the more commonly useddouble injection of dye, 25 comparisons were carried out in 13 patients of the series. Agreement was good over a range of 4.5-21.1 heart cycles since there was no statistically significant difference between transit time values measured by the two methods.
The relation of pulmonary blood volume to other hemodynamic factors in these 49 patients, with and without cardiac or pulmonary disease, was evaluated by means of multiple regression analysis. The analysis carried out for mean transit time indicates that this parameter varies predominately with flow. Pulmonary blood volume, in this series of resting recumbent individuals, varies to a significant degree only with total blood volume and with pulmonary venous pressure. No parameters of vascular distensibility, such as pulmonary vascular resistance, were found to affect the volume of blood in the lungs.
The fact that variations in pulmonary blood volume among the subjects could be described by a multiple regression equation linear with respect to total blood volume and pulmonary venous pressure indicates that these variations are the result of passive distention of components of the vascular bed.
INTRODUCTION
Measurement of pulmonary blood volume has contributed to understanding of pulmonary hemodynamics. Numerous reports of data obtained by the injection of indicator into the pulmonary artery and left atrium are available in both patients with heart disease (1-10) and in normal subjects (3, 5, 11, 12) . Nevertheless, there is A preliminary report was published as an abstract in Clin.
Res. 1967. 15: 346. Received for publication 16 May 1969 and in revised form 4 August 1969. conflicting data on the relationship of lung blood volume to other hemodynamic factors, and hence the control of the size of this compartment is not clearneven in the resting state.
An alternative method of measuring pulmonary blood volume from precordial radioactive isotope dilution curves (radiocardiograms) (13) has been reported by Giuntini, Lewis, Sales Luis, and Harvey (14) . The method is in use in this laboratory; and since only right heart catheterization is required, pulmonary blood volume measurements have been made in a wider variety of clinical states than usually described. The present report presents an analysis of this data which indicates that variations in pulmonary blood volume in all subjects studied, regardless of pathology, can be related to variations in only two factors, total blood volume and pulmonary venous pressure.
The radiocardiographic measurement of pulmonary blood volume is considered to have ill-defined anatomic limits by some authors (15) because the method is based on certain assumptions regarding the central circulation which cannot be evaluated in each subject. For this reason a comparison of the radiocardiographic and dye dilution methods in the same subjects is also included in this report to validate the statistical analysis of the data.
METHODS
Data from 57 consecutive cardiac catheterizations form the basis of the present report. Studies were not completed in eight patients; pertinent clinical data and diagnoses in the remaining 49 patients appear in Table I . This group of 49 patients will be referred to as Group A. Data from a subsequent series of 21 patients, entitled Group B, are also included in this report for the purpose of assessing the accuracy of estimating equations for pulmonary blood volume derived from studies in Group A patients.
All patients were studied after an overnight fast. The volunteers, patients with cirrhosis, and patients with pulmonary disease were not sedated before the procedure. Other patients received 100 mg of secobarbital 30 min before the procedure; in many cases 50 mg of meperidine was also given intramuscularly. CHF, congestive heart failure; NSR, normal sinus rhythm; AF, atrial fibrillation; UHD, unknown heart disease; EH, enlarged heart; RBBB, right bundle branch block; RHD, rheumatic heart disease; LVE, left ventricular enlargement; LAE, left atrial enlargement; RVE, right ventricular enlargement; MS, mitral stenosis; MI, mitral insufficiency; AS, aortic stenosis; AI, aortic insufficiency; ASHD, arteriosclerotic heart disease; COPD, chronic obstructive pulmonary disease.
* Patients in whom pulmonary nMean transit time was measured both by radiocardiography and by double injection of dye.
$ Digitalis administered for control of cardiac rhythm.
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Pulmonary artery catheterization was carried out in the usual manner. In studies where the left atrium was entered, the Ross technique was used (16) . The left ventricle was approached in retrograde fashion, via the femoral artery, by the Seldinger technique (17) . For the injection of indicator a disposable radio-opaque polyvinyl catheter (0.064 in O.D.) was introduced into the right atrium through an antecubital vein. An indwelling arterial needle was utilized for sampling of blood.
Pressures were recorded by means of Statham P 23 A transducers on a photographc recorder.' Zero level for pressure readings was taken at 5 cm below the angle of Louis. A single fluid reservoir was connected to all pressure transducers and all amplifiers were adjusted to equal gain. The transducers were calibrated with a mercury manometer at the end of each catheterization. Systolic and diastolic pressures were read over two respiratory cycles and expressed as an average; mean pressure was obtained by planimetry of an electrically damped tracing during a similar period.
In 22 patients left atrial pressure was measured directly and in 20 others pulmonary "wedge" pressure was measured. In two patients, without mitral stenosis, left ventricular end diastolic pressure was used as a measure of pulmonary "venous" pressure. In the five remaining patients only pulmonary artery pressures were recorded. The diastolic pressures in these five patients ranged from 7 to 10 mm of Hg. Since Kaltman, Herbert, Conroy, and Kossmann have reported that in this range pulmonary artery diastolic pressure varies little from left atrial pressure, these patients were included in the series (18) .
The precordial dilution curves were recorded by means of a scintillation counter consisting of a 1.5 X 1.0 in NaI (Th) crystal and photomultiplier housed in a cylindrical lead collimator.' The photomultiplier was connected to a ratemeter from which the output was fed into the photographic recorder. The injectate, radioiodinated human serum albumin (RISA), was diluted to contain 100 /ACi of "3I/ml. For each curve approximately 0.5 ml was delivered via the right atrial catheter. Cornwall syringes' were utilized for injection of indicator; injectates have shown consistent reproducibility in vivo and in vitro.
Cardiac output was determined from the radiocardiograms by the method of Donato, Rochester, Lewis, Durand, Parker, and Harvey (19) . Typically, precordial isotope dilution curves present two activity peaks as tracer passes first through the right heart chambers and then through the left. Valid determinations of cardiac output may be obtained from such double curves if a calibration factor for the composite system of vascular sections is determined as described by Veall, Pearson, Hanley, and Lowe (20) and by Donato, Qiuntini, Lewis, Durand, Rochester, Harvey and Cournand (13) .
Pulmonary mean transit time (PMTT) was calculated from the radiocardiograms as the difference between mean transit time of the right heart activity curve and the time of peak activity of the left heart curve. The theoretical background and method of analysis are discussed by Giuntini et al. (14) . Pulmonary blood volume (PBV) was obtained as the product of PMTT, measured in terms of heart cycles, and stroke volume (SV). atrium. Approximately 2.5 mg of dye was injected manually, first into the pulmonary artery catheter and subsequently through the Ross needle into the left atrium. The curves were recorded and analyzed in the usual manner (21, 22) . Blood flow was determined from the pulmonary artery injection curves. Mean transit time through the pulmonary circulation was obtained as follows:
where MTTPA-D is the mean circulation time from the pulmonary artery to densitometer and MTTLA-D is the mean circulation time from the left atrium to the densitometer.
In all patients total blood volume (TBV) was calculated from the dilution of RISA as determined from blood samples drawn before and after each injection. When several radiocardiograms were recorded, the increases in plasma counting rate after each injection were averaged (ACR) and plasma volume was obtained by the following:
No. of counts injected Plasma volume = tACR (2) Total blood volume (TBV) was calculated from plasma volume and hematocrit (Hct) by the following:
TV1-Hct
Hematocrits were corrected for trapped plasma according to the graph of Chaplin and Mollison (23) . Circulating blood hematocrit was converted to total body hematocrit using a factor of 0.896 (24) .
In 29 patients TBV was also determined with T-1824 dye. 2-4 ml of undiluted dye were injected from a Cornwall syringe into the pulmonary artery catheter which was then flushed with 10 ml of saline. Samples of arterial blood obtained at known intervals of time after injection were analyzed for plasma concentration of dye in a Beckman DU spectrophotometer at 630 m/A. These concentrations were plotted against time on semilogarithmic paper and the curve extrapolated to obtain the concentration at zero time, CO.
Plasma volume was calculated as follows:
Plasma voIltae milligrams of dye injected Plasma vl~ime =co (4) Total blood volume was derived from plasma volume and hematocrit as indicated above.
The principal texts used as an aid in the subsequent statistical analysis were those of Steel and Torrie (25) and of Ezekiel and Fox (26) .
RESULTS
Validation of method. The overall success rate of the radiocardiographic method was 86%. In four patients poor definition of the right and left heart activity curves resulted from severe reduction in blood flow (arteriovenous oxygen difference range 9.0-14.9 volume per cent). In four other patients in whom cardiac output was not severely impaired (arteriovenous oxygen difference range 4.6-7.3 volumes per cent), inadequate radiocardiograms were the result of faulty collimation. These eight studies were excluded from the series. Hemodynamic data from the remaining 49 and from all subjects in Group B appear in Table II. Comparison of PMTT measured by the double injection of dye and by radiocardiography is presented in Fig. 1 . 25 determinations were made in the course of 13 cardiac catheterizations. The patients in whom these comparisons were made are indicated by an asterisk in Table I . The regression equation for PMTT, expressed in heart cycles (HC), is the following:
PMTTRISA (H) = -0.1235 + 1.0988 PMTTDyoe (HC) (5) The correlation coefficient is 0.942; the standard error of estimate sy.. is 1.86 HC. The regression line and line of identity are not significantly different from each other (t = 1.208, df 23, 0.3 > P > 0.2). A similar analysis of the data, expressed in terms of seconds rather than heart cycles, results in a correlation coefficient of 0.855; si. = 1.57 sec. Agreement is better when measured in heart cycles since some discrepancies due to variations in heart rate are eliminated.
Reproducibility of the radiocardiographic method was evaluated by subtracting the value of the second PMTT measurement from that of the first. These differences were averaged to obtain the mean value, A, and the standard deviation of differences about this mean, SDA, was calculated. Duplicate determinations of PMTTRISA were available on 34 patients (Fig. 2) . The mean difference for duplicate PMTTEISA determinations was 0.2 ±0.8 HC, not significantly different from zero (t = 1.631, 0.2 > P > 0.1). Expressed as per cent of the mean of duplicate values, SDA was 9% for PMTTRISA and 11% for PBVRISA, indicating that in all probability two determinations which differ by more than 20% represent a true change in the volume of blood in the lungs.
19 comparisons of cardiac output measured by radiocardiography and by dye dilution are presented in Fig. 3 . The mean difference between QRISA and QDYU was not significantly different from zero (A = 63 ml ± 718 ml; t = 0.38, P > 0.8). Reproducibility of both methods was also good. The mean difference between duplicate determinations was not significantly different from zero for either method; SDA was 10% of the mean FIGURE 2 Reproducibility of PMTTRISA in 34 patients. The circled points represent data from patients in whom PMTTDye studies were also made. This implies that pulmonary blood volume, the product of PMTT and stroke volume, is a constant (K). However, such a conclusion is not substantiated by the data in Group A patients (Table II) . Alternatively, the points in Fig. 5 might be fitted by a family of hyperbolic regression lines each with a different value of K or PBV. The individual values of K might be the result of variation in some other hemodynamic factor. To evaluate this possibility multiple regression equations were constructed maintaining the hyperbolic form, and the following was found to explain the largest fraction of the variance of PMTT, i.e., 75%. (PMTT X SV) = 6.658 PL + 0.097 TBV (9) This equation includes only two independent variables. The regression coefficient (R), obtained by multiplying the sum of square for each independent variable by the partial regression coefficient for that variable, is 0.950 (25) . The standard error of estimate is 118 ml. DISCUSSION Validation of the method. Of the two methods under discussion, the radiocardiographic method of measuring pulmonary blood volume has the distinct advantage of not requiring left atrial injection or sampling. Hence it can be applied in studies of the pulmonary circulation of patients who would not ordinarily come to left heart catheterization. Nevertheless, this method has not found wide application presumably because the mathematical basis has not been validated by a direct comparison in the same individuals with the double-injection dye technique.
The present report indicates that agreement between the two methods is good over a wide range of transit times. The apparent tendency of PMTTRISA to exceed PMTTDy. is not statistically significant. Although individual discrepancies of greater than 25% were observed in four of the 25 comparisons, this proportion is not greater than that reported by Samet, Bernstein, Lopez, and Levine who compared two dye injection methods of measuring PMTT (27) .
The method of analysis of radiocardiograms proposed by Giuntini et al. (14) is based on assumptions regarding size of ventricular chambers and distribution of pulmonary transit times in addition to the usual assumptions underlying the use of indicators to measure the volume of vascular sections. These assumptions may not be valid for every patient, thus giving rise to indeterminate errors in measurement of PBV. In their original publication, from analysis of curves generated by a digital computer incorporating different chamber sizes and transit time distributions, these authors concluded that the magnitude of error between true, i.e. imposed, mean transit time and calculated PMTT would rarely exceed three heart cycles. In fact, in the present comparisons only two of 25 PMTTRISA values were more than three heart cycles different from PMTTDy.. Assuming PMTTDy. values to represent true mean transit times, the range of errors of PMTTRISA closely approximates the prediction and justifies the simplifying assumptions. Reproducibility of PBVRISA determinations in this laboratory is not substantially different from the experience of several groups measuring pulmonary blood volume. Giuntini, Maseri, and Bianchi (28) within 20% of each other (95% confidence). Finally, total blood volume determinations as calculated from the dilution of T-1824 dye and of radio-iodinated human serum albumin showed no systemic differences in the patient studied. Hence the values of blood flow and total blood volume, which enter into the statistical analysis to be discussed, can be presumed to be valid.
Determinants of pulmonary blood volume. Previously published analyses relating PBV to other hemodynamic parameters are, in some degree, contradictory. Whereas some authors observed a positive relation between PBV and stroke volume (1, 5, 9, 10, 14) , this relationship cannot be derived from data published by others (4, 6-8) and a negative relationship between these parameters has been published by yet another group (11) . Similarly, whereas a positive correlation between left atrial pressure and PBV has been confirmed by some workers (3, 5, 10) , it is specifically denied by others (9) . Contradictory results regarding the effects of pulmonary vascular resistance on PBV have also been published (1, [3] [4] [5] 10) .
In contrast, statistical analysis of the data from the present series has resulted in an estimating equation for pulmonary mean transit time, which includes only three independent variables, giving rise to an equation for pulmonary blood volume with only two independent variables. Within the error of the radiocardiographic method, 90% of the observed variability of resting pulmonary blood volume can be ascribed to variation in pulmonary venous pressure and total blood volume.
The simplicity of these equations may be surprising Fig. 6 , no effect of resistance on the relationship of pulmonary blood volume and venous pressure was observed in the present study. These 49 patients include relatively few with mitral stenosis and high resistance; hence the difference between the present and previously published series may lie in the type of patients evaluated. Alternatively, the difference may lie in the interpretation of data. Elevated vascular resistance and lower than normal pulmonary blood volume are usually considered to be cause and effect. However, the reverse may be true. An elevated pulmonary blood volume must be accommodated in larger or more numerous channels. If the total cross sectional area of vascular channels in the lung is increased, the gradient of pressure across the lungs for any given flow rate will be lower. i.e., a larger pulmonary blood volume will result in a lower pulmonary vascular resistance.
At least some of the differences in pulmonary blood volume reported in patients with elevated left atrial pressure and pulmonary vascular resistance may be explained by differences in total blood volume. to specifically consider this factor as a determinant of PBV, and the small residual variance left unexplained by PL and TBV may account for the contradictory results obtained by other workers. Since data on total blood volume have not been published in previous reports, this possibility cannot be evaluated. Also contrary to published work is the absence of a significant regression of PBV and SV in Group A when these 49 patients were considered as a single group.
If the highest values of PBV were eliminated by omitting data from patients with elevated pulmonary venous pressure (> 12 mm of Hg) and those with elevated total blood volume (> 3.1 liters/m2 BSA), a significant regression was observed in the remaining 28 patients. Of these 28, 13 exhibited an elevated PBV(> 300 ml/ m' BSA); however, stroke volume was not elevated in these 13 patients being equally distributed about the mean SV for the group of 28. In contrast, total blood volume was elevated above the mean in 10 of the 13 patients with abnormally high pulmonary blood volume. This suggests that in these 13 patients also pulmonary blood volume paralleled total blood volume, and the correlation of PBV and SV was due in large part to the tendency of stroke volume to increase with total blood volume in the absence of myocardial insufficiency.
The implication of the derived estimating equation for PBV, which is linear with respect to pulmonary venous pressure and total blood volume, is that variations in resting pulmonary blood volume are the result of passive distention of the pulmonary bed. With the possible exception of patients with increased pulmonary vascular resistance secondary to mitral stenosis, who were not adequately represented in this series, no evidence of altered vascular distensibility was found in the 70 patients (Groups A and B) studied. From this data it appears that the pulmonary blood volume normally constitutes a rather fixed fraction of total blood volume, the proportion being changed only passively, by an increase in outflow pressure from the pulmonary bed. This concept has been voiced before but has not been adequately quantitated. It is clear that since 90% of the variability of resting pulmonary blood volume can be explained by variation in these two factors the residual effects of other factors, such as vascular compliance, must be small and hence difficult to quantitate and of doubtful significance.
